In this paper we review instruments and methods used to assess outdoor thermal comfort and subjective thermal perception in 26 studies reported in the literature during the last decade, covering a wide range of climates and geographical contexts. We found a great variety of instruments and methods used to measure meteorological variables, especially with respect to the mean radiant temperature and wind speed. Moreover, many different subjective judgement scales were used to assess subjective thermal perception, thermal neutrality and thermal preference and a multitude of thermal indices were used to quantify the combined effect of meteorological variables on thermal perception. The use of a variety of methods makes it difficult to compare results of the different studies. There is thus a need for standardization and to give guidance regarding how to conduct field surveys in outdoor environments. Such standards and guidelines should give advice regarding the choice of measurement sites, type and positioning of instruments, appropriate methods to determine the mean radiant temperature, questionnaire design and suitable thermal comfort indices. These guidelines should also include advice on reporting.
Introduction
During the last decade a number of studies on subjective outdoor thermal comfort in urban areas have been conducted and the numbers have increased each year. These studies have been performed worldwide covering many different climates and cultures. Thus, a significant database exists. An interesting question is whether it would be possible to compare results and to calibrate thermal comfort indices in different climates and cultures in order to reveal differences in thermal comfort conditions and thermal perception between them. Some comparisons between cities in different climates have been made recently. These include the European Union project RUROS [1, 2] , that studied the variation of thermal comfort and thermal perception in seven European cities during different seasons, and Kántor et al. [3] , who made a comparison of the results from six studies reported in the literature. While the former found strong evidence for adaptation to the local climateboth behaviourally and physiologically -the latter found that a comparison between the studies was hampered by the differences in the methodologies used.
Outdoor thermal comfort, as opposed to indoor comfort, is a relatively new field of research. Increased attention on outdoor environments in the early 2000's have led to the expedient use of methods as well as thermal comfort indices developed for the indoors. This seems to have caused some problems since the outdoor environment is so much more complex than the indoor environment. For example, the spatial and temporal microclimatic variations of meteorological variables are often very large. Other reasons for the difficulty include lack of climate control in outdoor spaces, the subject's physical and socio-cultural adaptation and the wide variation in use and users in the outdoor environment. Thus, an indoor approach cannot be directly transferred to outdoor conditions. Currently there is no international standard which covers outdoor thermal comfort field surveys. There are, however, several standards and guidelines which cover human biometeorological studies in general but they are, with few exceptions, intended for indoor conditions and/or working environments.
The aim of this study is to review instruments and methods used to measure outdoor thermal comfort conditions and to assess thermal perception during the last decade. This study complements the work of Kántor et al. [3] by including more studies and by concentrating entirely on the methodological part, i.e. micrometeorological measurements, questionnaire design and the interpretation of the results in terms of comfort ranges, thermal neutrality and preferred thermal conditions. This review also includes the available standards and guidelines related to thermal comfort studies, both as regards measurement techniques, questionnaire surveys and assessment of thermal comfort. It is hoped that it will be a first step towards standardization of instruments, methods and reporting used for outdoor thermal comfort analyses before intercomparisons could be made more meaningfully.
Micrometeorological measurements and questionnaires
There are a number of international and national standards, guidelines and handbooks related to measurements of meteorological variables, questionnaire design and calculation of thermal comfort indices. Table 1 shows different standards and guidelines and which aspects they cover.
( Table 1 here)
Experimental design
In the existing standards, guidelines and handbooks (Table 1) there is no advice on how to design the field survey in terms site selection, appropriate number of sites, required number of subjects, accounting for seasonal climate variations, appropriate time(s) of the day, minimum time period for each survey, description and classification of the characteristics of the sites, etc.
As regards classification of the characteristics of the sites, it is necessary to account for the diversity of urban sites, where the variation in microclimates is far greater than indoors. Therefore a different site sampling strategy is needed. The WMO Guide to Meteorological Instruments and Methods of Observation [12] suggests a simplified classification of urban forms with respect to roughness length, aspect (height-to-width) ratio of urban canyons and percentage of built/hard surfaces. However, a more comprehensive approach such as the Local Climate Zone [13] may be preferable in outdoor urban comfort studies.
Micrometeorological measurements
Meteorological instruments suitable for measurements in urban areas are presented in [12] . Both ISO 7726 [6] and ASHRAE Handbook of Fundamentals [5] describe instruments suitable for thermal comfort measurements indoors. When outdoors extra consideration must be given to exposure of instruments (such as the shielding and ventilation of air temperature and humidity probes), the measurement of wind speed and of the mean radiant temperature. These issues are explored in detail below.
Instrumental setup, measuring range and accuracy
The recommended heights of the sensors according to ISO 7726 [6] are 0.6 and 1.1 m for sitting and standing subjects, respectively, which represents the centre of gravity of the human body.
ISO 7726 [6] specifies requirements on measuring range and accuracy of instruments for both moderate and thermally stressful environments, see Table 2 .
( Table 2 here) 2.2.2 Air temperature and humidity Temperature and humidity sensors may be heated by radiation sources such as the sun and warm urban surfaces. A temperature probe exposed to solar radiation may overestimate the air temperature by several degrees Celsius. According to existing standards the following should be considered when measuring air temperature and humidity:  Proper shielding of the probes to minimize radiative exchange between the instrument and its surroundings [6, 12] ;  Proper ventilation of the radiation shield, preferably using an aspirated shield, to maximize convection and to avoid warm air formation around the probe [12] ;  Letting a time of 1½ times the response time of the sensor elapse before measurements can take place, to account for instrument thermal inertia [5, 6] .
Wind speed
Speed and direction of the wind vary considerably outdoors, and especially in urban areas. The following should be considered when measuring wind speed:  Preferably three dimensional measurements (measuring horizontal as well as vertical wind speeds) should be performed since the wind direction is very irregular;  The instruments need to have a quick response time and sufficient accuracy [6] ;  The measuring interval should be sufficiently large to be able to measure both low and high speeds, at least in places where high wind speeds are common;  Cup and propeller anemometers may not be appropriate if low wind speeds are expected, since they have a threshold value below which wind speeds cannot be registered;  Hot-wire and hot-sphere anemometers can measure low wind speeds but instead have an upper wind speed limit. One-directional hot-wire anemometers are sensitive to the wind direction whereas omni-directional hot-wire and hot-sphere anemometers are insensitive of the wind direction [6] .
Mean radiant temperature
The mean radiant temperature (T mrt ) is one of the most important variables in assessing the thermal comfort, especially during warm weather conditions and in the outdoors [14] . It is defined as the "uniform temperature of an imaginary enclosure in which the radiant heat transfer from the human body equals the radiant heat transfer in the actual non-uniform enclosure" [5] and sums the human body exposure to all short-and longwave radiation fluxes (direct, diffuse, reflected and emitted) in a given environment.
The T mrt can be determined using several methods. The most accurate way to determine the T mrt outdoors is by integral radiation measurements and the calculation of angular factors (i.e. the proportion of radiation received by the human body from different directions) [15] . The method requires simultaneous measurements of short-wave and long-wave radiation from six directions (east, west, north, south, upward and downward) as shown in Fig 1. The short-wave and long-wave radiation are measured by pyranometers and pyrgeometers, respectively. Although being the most accurate method, the orthogonal instrument setup may cause an instrumental error at high angles of incidence [15] . The T mrt (°C) can be calculated from the Stefan-Boltzmann law according to Equation 1:
where: S str is the mean radiant flux density, ε p is the emissivity of the human body and σ is the Stefan-Boltzmann constant (5.67•10
). According to Kirchhoff's law of thermal radiation, ε p is equal to the absorption coefficient for long-wave radiation (standard value 0.97). The S str is calculated according to Equation 2:
where: K i are the short-wave radiation fluxes (Wm ) (i=1-6), F i are the angular factors (i=1-6) and α k is the absorption coefficient for short-wave radiation (standard value 0.7).
( Fig. 1 here) The German guideline VDI 3787 [11] suggests a similar but somewhat simpler and cheaper method where one pyranometer and one pyrgeometer are mounted on a moveable axis. During the observation period the instrument is oriented alternatively to six directions (downward, upward, north, east, south and west). A total measurement time of ten minutes is needed to determine the T mrt [11] .
Another method to determine the T mrt is by using a globe thermometer (see Fig. 2 ) combined with measurements of air temperature and wind speed [15] 
where: T g is the globe temperature (°C), V a is the wind speed (ms -1 ), T a is the air temperature (°C), D is the globe diameter (m) and ε is the globe emissivity.
The standard globe thermometer for indoors is black painted with a diameter of 150 mm, often made of copper [6] . However, such large and heavy globe thermometers may take 20 to 30 min to reach equilibrium [6, 16] . Obviously, globe thermometers having a large time constant are not well suited to measure the T mrt outdoors where radiative fluxes and wind speed change rapidly [16] .
Both ISO 7726 [6] and ASHRAE Handbook of Fundamentals [5] recommend a medium grey colour, instead of black, when the globe is exposed to solar radiation to better agree with the outer surface of clothed persons. The 40 mm flat grey globe thermometer shown in Fig. 2 , made of a grey painted table tennis ball 1 , has been used in several outdoor studies (e.g. [17, 18] ) and has proven to be accurate, mobile and cheap [15] . The tone of grey is however important. Thorsson et al. [15] used RAL 7001 (flat grey) and found that this tone gives accurate results although it slightly overestimates the T mrt during shady conditions and slightly underestimates it during sunny conditions.
To be able to register sudden variations in T mrt with a globe thermometer, the globe needs to have a sufficiently short response time. To achieve this, the globe should be of small size and have a small heat capacity. Thus, if a metal globe is used, the material needs to be thin [19] . To reduce the sensitivity to wind speed variations, the average wind speed over a sufficiently long period -at least 5 minutes -should be used when calculating T mrt [15] .
According to ISO 7726 [6] and ASHRAE Handbook of Fundamentals [5] the shape of the globe influences the measurement of T mrt . An ellipsoid-shaped sensor, which gives a closer approximation of the human shape [20] , would probably give a more accurate estimation of the T mrt of a standing person. Still, the spherical shape has proven to work rather well, at least in mid-to high-latitude climates [15] .
The formula to calculate T mrt (Eq. 3) should ideally be determined through calibration with integral radiation measurements (as described above and shown in Fig. 1 ) at each geographical location or at least for a similar climate zone and latitude.
( Fig. 2 here)
Yet another way to estimate the T mrt is by using models such as RayMan [21] , SOLWEIG [22] and ENVI-met [23] . In this case the solar radiation has to be measured or simulated and the urban morphology -such as buildings, trees etc., surrounding the studied site -has to be modelled.
Questionnaires
Questionnaires -or structured interviews -are used to gather data from respondents as regards general personal information (age, gender, clothing etc.), thermal perception, preferences, acceptability, etc.
2.3.1 Subjective perception of the thermal environment ISO 10551 [10] , which is primarily aimed at working environments, suggests five subjective judgement scales to describe the thermal state of a person, namely thermal perception, thermal comfort (affective evaluation), thermal preference, personal acceptability and personal tolerance. ASHRAE 55 [4] , which is aimed at indoor applications, includes scales for thermal perception and thermal acceptability. Table 3 shows the judgement scales used in ISO 10551 [10] and ASHRAE 55 [4] . (Table 3 here) 2.3.2 Physical activity and clothing insulation Both the physical activity and clothing of the body strongly affect the thermal perception. Several standards, guidelines and handbooks include information about metabolic rates for typical tasks and the thermal resistance of individual garment and clothing ensembles, see Table 1 . The standard ISO 8996 [8] specifies methods to determine metabolic rates for working environments and includes metabolic rates for a number of different tasks. The standard ISO 9920 [9] specifies methods for estimating the thermal characteristics for clothing ensembles based on values for known garments and includes the influence of body movement, air penetration and water vapour resistance.
Psychological mechanisms involved in thermal comfort assessment
A number of studies have illuminated psychological mechanisms involved in outdoor place and thermal comfort assessment (e.g. [2, 24, 25] , including knowledge/experience, attitude/expectations, belief/preferences, perceived control and thermal history. Furthermore it has been shown that culture (rules, norms and values) also influence thermal perception outdoors [26, 27] . In the outdoor environment psychological mechanisms may contribute to as much as 50 % of the variance between objective and subjective evaluation of thermal comfort [24] . There is however no standard or handbook giving advice on how to ask questions regarding these aspects.
Thermal indices
Over the years more than 100 different thermal indices have been developed describing the heat exchange between a human body and its surrounding environment [28] . The great majority of these indices were developed for indoor conditions. Thermal comfort indices can be divided into rational and empirical indices [29] . The former are based on an analysis of the physics of heat transfer, i.e. based on the heat balance equation of the human body. Table 4 shows details on some of these indices. Although many of the indices described in Table 4 were developed for indoor conditions -such as PMV, SET* and ET* -they have also been applied outdoors.
( Table 4 here) Empirical indices are derived from subjective estimates [29] . One example is the correlation between subjective thermal perception and measured meteorological variables determined through multiple regression analysis, see e.g. [32, 33, 34] . Such thermal perception predictions may however be restricted to the geographical area, or climate type, where the field survey was conducted.
Both ISO 7730 [7] and ASHRAE 55 [4] , which were designed for indoor environments, suggest the use of the Predicted Mean Vote (PMV), whereas the German engineering guidelines VDI 3787 [11] , which were developed for use in outdoor environments, suggests the use of PMV, PT and PET. However, existing standards and guidelines have no recommendations on how to calculate the neutral and preferred index temperatures. Table  5 . The choice of studies was limited to those containing both micrometeorological measurements and questionnaire surveys with the aim of linking measured thermal conditions with people's subjective thermal perception. Only peer-reviewed journal articles in English were considered, which excludes studies published in other languages and a large number of conference papers, see e.g. [35] , so the real amount of studies is likely to be far larger than what is presented here. It should also be noted that some field survey data have been included -fully or partially -in more than one article; for example, [34] and [36] are based on the same field survey but the data have been evaluated in different ways. Although the selection has been limited, the comparison covers a great range of different climates and cultures and gives a good picture of the instruments and methods that have been used. Fig. 3 shows that there has been a sharp increase in the number of studies the latest years (2011 and 2012-13 2 ).
( Table 5 here) (Fig. 3 here) 
Comparison of studies
The comparison looked at the following methodological aspects of the selected studies. Table 6 details the components of each aspect studied:  Experimental design  Meteorological measurements  Questionnaire design  Thermal indices (Table 6 here) 4. Results and discussion 4.1 Experimental design 4.1.1 Type of field surveys Most field surveys used a quasi-experimental design, i.e. subjects were not completely randomly chosen and independent variables may be mixed with uncontrolled variables. This means that the conclusions drawn about the relationships between the independent and dependent variables may be weaker than for "true" experiments [25, 55] .
Twenty-one (84 %) of the studies, consisted of transversal studies, i.e. surveys in which each person participated only once, whereas 4 (16 %) of the studies were longitudinal, i.e. a limited number of subjects were exposed to different microclimates at different moments of the survey.
The number of subjects in the field surveys varied greatly. In general the longitudinal studies comprised of only a few subjects, between 8 and 36, whereas the transversal studies had between 91 and 2700 subjects.
Both transversal and longitudinal methods have their advantages and disadvantages. An advantage with the latter type is a better control that the subjects have the same thermal history. On the other hand a disadvantage may be that the number of subjects is too small to be representative for a larger population. Another aspect not to be disregarded in longitudinal studies is that the subjects could eventually develop a bias towards expected research outcomes.
Type of sites and their description
Most surveys took place in the city centre, but a few studies also included non-central locations and suburbs. Five of the studies were conducted within a university campus. The most common sites were open public spaces such as parks and squares, but pedestrian streets and waterfronts were also common, see Fig. 4 . The fact that most studies were conducted in typical public places is relevant since these are places of social interaction and it is therefore important that they are thermally comfortable. (Fig. 4 here)
The number of sites included in the surveys varied between one and 13; in general, large studies which included many interviews also included more sites. In most studies people who were sitting/standing, or passing by, in the vicinity of the measuring equipment were asked at random to participate in the survey. Many studies using the "random" technique asked the subjects about the reason for being in the place; in this way those that were there on their own free will could be distinguished from those who were just passing by on their way to another place. The reason for being in a place obviously has an impact on the subjective thermal perception. In places where people pass by on their way to a destination (a transition space) the microclimate may not be as important as in a resting place where poor comfort conditions may lead to avoidance of use [2, 17] .
The chosen sites were normally well described and often illustrated by photographs. However, in a few cases, typically in studies involving a large number of sites, neither descriptions nor illustrations were available. In general, the type of urban environment (whether it was high-rise, low-rise, suburban, etc) was seldom defined. Only six (23 %) of the studies showed the field survey sites on a city map, and only ten (38 %) of the studies had plans or aerial views of the measurement sites and their immediate surroundings. Five (19 %) of studies, however, showed sky view images of the sites and reported the calculated sky view factor.
Time periods of the field surveys
The length of the field surveys varied considerably from study to study, from one single day to a whole year. In most cases (21 studies) more than one season were studied, typically summer and winter. In some cases longer periods such as half a year or a whole year was covered, see Table 7 . The time of the day varied a great deal as well. Most studies covered the afternoon, whereas others also included the morning and evening, see Table 7 . (Table 7 here) A seasonal difference in thermal comfort ranges and/or neutral temperatures was found in almost half (42 %) of the reviewed studies indicating that season influences the thermal perception or how subjects respond to the questionnaires. Thus in climates with distinct seasons the comfort range of indices and neutral temperatures should not be expected to be the same all year round.
It is also important to know whether the studied period was normal for the season. If it was considerably warmer or cooler this may have an impact on the subjective responses Moreover, it is important to know the climate of the period preceding the field survey (at least the nearest days). An unusually warm day during a cold season might lead to an overestimation of the warmth [17] . This could be detected if the climate normals for the measurement period were reported. Less than half of the studies related the measurements to the climate normals. The reporting should preferably include the climate normals as measured at the nearest meteorological station immediately before and during the field survey.
Another important aspect is the time of exposure to the outdoor environment, as it takes time for the human body to adapt. The human body adapts much faster to a warmer environment than to a colder environment. Since outdoor thermal indices, such as PMV and PET are based on steady-state energy-balance models of the human body they may not be appropriate for assessing short-term exposure, especially to cold conditions [56] .
Micrometeorological measurements 4.2.1 Instrumentation
In 16 (62 %) of the studies, the types of instrument used were stated. However, in only half of these studies the accuracy of the instruments was specified. A couple of studies simply stated that the measurement equipment fulfilled the requirements of ISO 7726 [6] without specifying the brand. Nine of the studies (35 %) did not give any specifications of the instruments whatsoever. Moreover, the instrumental setup varied a great deal between the studies, especially with respect to wind and T mrt , two variables that show the largest intra-urban variation. The measurement probes were normally placed at a standard 1.1 m height, except for wind (see below).
It is remarkable that in more than one-third of the studies no information about instrumentation was given. This is a major concern and a sign of low scientific quality of the peer review process. The accuracy of the instruments, as well as the measuring range and response time should also be stated.
With one exception [41] measurements took place in the vicinity of the subjects interviewed. Since large intra-urban variations exist, especially in terms of wind and radiation (T mrt ) and thus affect local thermal perception, it is crucial that measurements are conducted near the subjects interviewed, if the aim is to analyse how people perceive the thermal conditions.
Air temperature and humidity
The air temperature and humidity were measured in all the reviewed studies. The measurement probes (mostly a combined probe measuring both variables) were reported to be shielded in some way in twelve (46 %) of the studies. In three of these studies the shield was described whereas the remaining nine studies stated that the measurement setup was in accordance with ISO 7726 [6] or ASHRAE Handbook of Fundamentals [5] . Only one study [2] reported the use of forced ventilation of the temperature probe; in all other studies there was no information whether the ventilation of the radiation shield was natural or forced. Moreover, as many as 54 % of the studies did not state whether the probes were shielded or not. In fact, in one of the reviewed studies [40] , it was discovered that the radiation shield used was not sufficient, which led to overestimated air temperatures, and some results had to be corrected.
Wind speed
The wind speed was measured in all studies. Wind measurements were performed using a large variety of anemometers (see Fig. 5 ), the commonest being the two-dimensional cup anemometer followed by the heated-sphere. It is noteworthy that three-dimensional measurements of the wind speed only took place in two studies (using threedimensional ultrasonic anemometers). In eleven (42 %) of the studies there was no information whatsoever about which type of anemometer had been used. Since wind speed is a critical variable in assessing the thermal comfort, accurate measurements are required. As mentioned in Section 2.2.4 cup anemometers have a lower threshold value making them inappropriate at low wind speeds, whereas heated-spheres have an upper maximum limit for wind speeds. In one study [16] , a combination of both these two type of probes were used to overcome this problem.
( Fig. 5 here) As shown in Section 2.2.3, anemometers that only measure horizontal wind speedssuch as two-dimensional cup, propeller and ultrasonic anemometers -may underestimate the actual wind speed since urban winds often vary greatly in direction including vertical movements. One-directional hot-wire anemometers, that were used in one study, only measure correctly for wind directions perpendicular to the hot-wire [5, 6] . They are therefore not suitable for outdoor use where wind directions vary frequently; instead an omni-directional instrument should be used, see Section 2.2.3.
The measurement height for the wind speed measurements was either the same as for the other probes (in general 1.1 m) or measured at a slightly higher level, typically between 1.5 and 2 m. In these cases the wind speed at 1.1 m was normally estimated using the wind profile power law. This may, however, not be correct if the stability of the atmosphere is not neutral or if the air is very turbulent. In seven studies the measurement height was not specified.
Short-and long-wave radiation
In 19 of the studies (76 %) the global solar radiation was measured. In six of these studies the long-wave radiation was also measured. The instruments used to measure short-and long-wave radiation were specified in 14 (54 %) and five (19 %) of the studies, respectively. In many of these studies, the short-wave (and in some cases also long-wave) radiation was used to calculate T mrt , see below.
Mean radiant temperature
The great majority of the studies (77 %) measured or modelled the T mrt . As shown in Table 8 , instruments and methods used to determine the T mrt varied greatly between the studies.
( Table 8 here)
The most common method to determine the T mrt , used in 12 (46 %) of the studies (Table  8) was by using a globe thermometer combined with measurements of air temperature and wind speed. As can be seen in Table 9 , the types of globe thermometer varied greatly as regards material, size and colour of the globe. The temperature sensors inside the globe also varied considerably. In general, the characteristics of the globe thermometers were not well described and in three (12 %) of the studies no description at all existed. All of the studies that used the globe thermometer to determine T mrt used formulas from the literature. None of the studies used three-dimensional measurements of the short-and long-wave radiation fluxes (Fig. 1 ) to obtain T mrt using Eq. 3.
( Table 9 here) As mentioned in Section 2.2, the shape of the globe thermometer may influence the measured T mrt , especially in outdoor environments where people are more often standing or walking. Thorsson et al. [15] found good correlation between a spherical globe and standing persons in Göteborg, Sweden (latitude 57°), but at lower latitudes, where solar elevations are higher, the T mrt might be overestimated by a round instead of ellipsoid globe.
The fact that the globe thermometer method is rather simple and the instruments are easily accessible at a low cost might explain why this method is frequently used compared to the other methods. However, it is evident from this review that globes designed for indoor, rather than outdoor, use have been used in several cases, e.g. globes with large diameter (above 50 mm), of heavy material (copper) and blackcoloured.
The second most common way to determine the T mrt was by modelling, mainly using the model RayMan [21] .
The VDI method described in Section 2.2.5 [11] was used in three studies. In one of the studies [16] a similar method was used where incoming (downward) and outgoing (upward) short-wave (direct and diffuse) and long-wave radiation was measured. See Table 8 . The disadvantage with the VDI method is that it takes at least 10 minutes to get one value of T mrt . This is longer than the normal time to answer a questionnaire and may be a problem if weather conditions are unstable.
Although the integral measurement method by Thorsson et al. [15] described in Section 2.2.4 ( Fig. 1) is accurate and fast, it is costly and complex which might explain the fact that none of the reviewed studies made use of this method.
Questionnaires
The results presented here refer to what has been reported in each article. In many cases the actual article only presents results from a small proportion of a larger study.
Number of subjects interviewed
As mentioned above the number of subjects in the studies varied greatly, between 8 and 36 for longitudinal studies and between 91 and 2700 subjects for transversal studies. To achieve a desired accuracy and degree of confidence it is important that the sample size is large enough. Furthermore, the sample must represent the general population. The sample size can be estimated from population size, margin of error, confidence level and response distribution. For large populations, acceptable sample sizes range between 400 and 500 individuals; however other aspects such as a good balance of age and gender and the distribution of the interviewees over time (seasonal changes) seem to be more relevant here.
Questionnaire design
Similar to the measurements, there was great variation in the design of the questionnaire. Whereas all studies collected personal information such as age, gender, clothing and activity, only the studies from Curitiba [34, 36] and Glasgow [54] collected data about the body mass (height and weight), information needed to calculate the UTCI thermal index, see Section 4.4.1.
All studies except two included a question on thermal perception of the type "How do you feel right now?" followed by a subjective judgement scale (see Table 3 ). However, different thermal perception scales were used. The most commonly used scale was the so-called ASHRAE 7-point scale which was used in 13 (52 %) of the studies, see Table  3 . Four studies used a 9-point and four studies a 5-point scale. In the latter case, the answering alternatives were normally Very cold, Cool, Neutral, Warm and Very warm. However, the middle point was not Neutral in all studies; other middle points used were Comfortable, Neither cool nor warm and Acceptable. In two studies the middle point was not specified.
Stathopoulos et al. [37] used a different type of scale for thermal perception where a number of statements -"the wind force is strong", "the air temperature is high", "the air is humid", "the solar radiation is warm" -were rated on a 5-point scale from Disagree (-2) to Agree (+2) with Uncertain (0) in the middle. Two studies [38, 43] used differential (continuous) scales for thermal perception, i.e. values between the fixed values, e.g. +1.2 (between slightly warm and warm), could be chosen. Several studies included perception of other weather variables than temperature, namely wind (14 studies), humidity (12 studies) and solar radiation (11 studies).
Some studies incorrectly used thermal sensation when they referred to people's perception of the thermal environment. Thermal sensation refers to sensory unconscious detection of environmental stimulation/information by thermal receptors in the skin. Thermal perception on the other hand refers to conscious interpretation and elaboration of sensory data [25] .
More than half of the studies (52 %) included some question on preference of the type: "How would you prefer to be now?" The variable most commonly requested was temperature (thermal preference, 13 studies), but preference to other variables such as wind (11 studies), solar radiation (ten studies) and humidity (nine studies) were also frequently asked. Again, different scales were used. Most commonly a 3-point scale, the so-called McIntyre scale (see Table 3 ), was used (six studies) but 5-point (five studies) and 7-point (2 studies) scales were used as well. In the study by Andrade et al. [47] , their 5-point scale was reduced to a 3-point scale during the analysis, since very few interviewees selected the extremes.
About one-third (36 %) of the studies had a question related to the personal state of thermal comfort of the type "Do you find this environment…?" as described in Table 3 . However the scales differed somewhat between the studies both as regards the number of points of the scales -which varied between two and seven -and the wording. All scales were different from the 4-or 5-point one-pole scale suggested by ISO 10551 [10] , see Table 3 . All scales used in the reviewed studies were symmetrical and bi-polar and the most commonly used (3 studies) was a 4-point scale with the answering alternatives Very uncomfortable, Uncomfortable, Comfortable, Very comfortable [39, 40, 46] .
Only four studies explored acceptability. Of these, three used the 2-point scale Acceptable/Unacceptable suggested by ISO 10551 [10] , whereas one study used a 5-point scale.
No study recorded responses on tolerance. The reason for this may be because none of the studied environments were extreme.
As demonstrated above, both the number of answering alternatives of the different subjective scales and the wording of these alternatives varied considerably. This constitutes a source of error when comparing the results from different studies.
Physiological and psychological adaptation
Several studies included questions to reveal psychological mechanisms involved in thermal comfort assessment as well as physiological adaptation. The majority (67 %) of the transversal studies had a question regarding the thermal history of the subject, typically where the subject had been the last half hour before the interview to reveal physiological adaptation. Three studies (14 %) asked whether the subject had been indoors or outdoors before the interview. Several studies (43 %) asked a question about the time of residency in order to identify those who were not physically and culturally adapted to the actual climate. More than half (52 %) of the studies asked about the reason for visit to the site in order to distinguish those who were there to enjoy the place from those who were merely passing by. Almost half of the studies (46 %) found evidence for psychological or physiological adaptation.
Assessment of thermal comfort, neutrality and preference

Calculation and calibration of thermal comfort indices
All studies except four (85 %) determined some kind of thermal index. The type of index varied greatly between the studies, see Fig. 6 , and several studies used more than one index. A large majority of the studies (69 %) used one or more rational indices. The most commonly used index was the Physiologically Equivalent Temperature (PET) followed by the Standard Effective Temperature (SET*) and the Predicted Mean Vote (PMV). PMV was mainly used in the early part of the 2000's whereas the use of PET and SET* has increased in recent years. The reason for this may be that several studies have reported poor correlation between PMV and subjective thermal perception, see e.g. [35, 40, 49, 53, 56] . Only one study [36] calculated the newly developed Universal Thermal Climate Index (UTCI). (Fig. 6 here) Twelve (46 %) of the studies calibrated the calculated thermal comfort indices against the subjective responses (votes) of thermal perception. Thus, there seems to be a wish to calibrate thermal indices -or adjust the standard comfort zones of the indices -to use them on a national or regional level. However, it will be difficult to compare or analyse differences between different climate zones and cultures if the methods or instrumentations are not standardized.
Most studies that explored the relationship between thermal perception and a calculated thermal index used average values of the subjective thermal perception in temperature bins, typically of 1°C. This improves the correlation.
In three (12 %) of the studies [32, 33, 34] , the relationship between objective measurements and subjective thermal perception -expressed on a scale from -3 to +3 -was determined through multiple regression between subjective thermal perception votes and the measured meteorological variables (typically air temperature, humidity, solar radiation and wind speed) as described in Section 2.4. Predicting thermal perception using empirical methods did not include the variables activity and clothing.
Determination of neutral and preferred temperatures
In more than half of the studies (58 %) the neutral air or index temperatures were determined. However, in only five (19 %) of the studies the preferred air or index temperatures were determined.
Conclusions and future work
This study consisted of a review of instruments and methods used in outdoor thermal comfort studies since 2001. A sharp increase in the number of studies has occurred in recent years. This is evidence for an increased attention to outdoor public spaces. However, our ability to define outdoor thermal comfort limits or to compare thermal comfort limits between different environments is predicated on the standardization of measurement methods and reporting. This review concluded that there is a great variety of instruments and methods used in outdoor thermal comfort surveys, both as regards micrometeorological instruments, questionnaire design and thermal indices. The instruments and methods used to obtain T mrt and wind speed, two of the most important meteorological variables that influence the human energy balance and assessment of thermal comfort, varied greatly in the selected studies. It was also noted that measurement equipment, accuracy and response time were not stated in the majority of the studies. Furthermore, the subjective judgement scales to determine thermal perception, thermal preference etc. were different from study to study both as regards number of answering alternatives and wording. Moreover, a wide range of thermal indices (nine), most of them rational, were used to quantify the combined effect of meteorological variables on thermal perception. The descriptions of the urban sites were often poor.
There exist a number of standards, guidelines and handbooks and they are useful in many ways. Still, most of them are designed for indoor conditions or working environments. Moreover, some of the standards are out-of-date, e.g. the ISO standards which concern measurements, ISO 7726 [6] , and subjective scales/questionnaires, ISO standards; there is no complete standard for outdoor thermal comfort surveys.
There is thus an obvious need for standardization and to give guidance regarding how to perform field surveys in outdoor environments. This review has concluded that there is a need to:  Give guidance on the experimental design  Standardize micrometeorological instruments and measurement methods  Standardize questionnaires regarding subjective thermal perception and personal information.  Recommend suitable thermal comfort indices to assess thermal comfort  Standardize reporting of outdoor thermal comfort studies
The guidance on the experimental design should include site selection, season and time period of the survey, number subjects to interview, etc.
As regards standardization of instruments and measurement methods a limited number of methods to determine T mrt should be standardized, including the popular and cost effective globe thermometer. This instrument should be standardized as regards shape, size, material, colour and type of temperature sensor. Similarly wind measurements should be standardized as regards required accuracy and response time and suitable instruments should be recommended. The shielding and ventilation of the air temperature (and humidity) probe is crucial for correct measurement outdoors and minimum requirements should also be standardized.
As regards questionnaire design, a standardization of subjective judgement scales suitable for outdoor thermal comfort studies would be beneficial. This should include appropriate scales for thermal perception, thermal preference, acceptability, etc., both as regards number of answering alternatives and wording. The standard should also give guidance on statistical analysis of survey data.
A future standard or guideline should also recommend suitable thermal comfort indices -depending on the aim of the study -as well as guidance on how to calibrate these indices based on objective measurements/calculations and subjective responses on thermal perception.
Finally, it would be appropriate to standardize the reporting of outdoor thermal comfort surveys. This could include minimum requirements on the description of the measurement sites and their surroundings, description on measurement methods (positioning of instruments, type and accuracy of instruments), choice of thermal comfort index (if any), questionnaire design, etc.
Wider participation in the development of standardization process will ensure wider acceptance and deployment by the research community. A possible first step could be the creation of an international working group or committee, e.g. within the International Association of Urban Climate (www.urban-climate.org). [11, 28] Based on the PMV equation, but can be used for outdoors Physiologically Equivalent Temperature (PET) [11, 28, 30] Intended for outdoors; only uses four variables as ET*; clothing and activity are standardised for indoor sedentary. Universal Thermal Climate Index (UTCI) [28, 31] No information on the clothing insulation level of the surveyed population is required. Reference condition for activity: metabolic rate of 135 W/m Types of index used to determine thermal comfort; Grades of thermophysiological stress; Whether thermal comfort indices were calibrated against the subjective thermal perception votes (i.e. determination of thermal comfort limits); Whether neutral temperature and preferred (index) temperature were determined GL-200 & Globe ball Not specified 150 Not specified Not specified 1 [38] Delta Ohm TP3276.2
Not specified Not specified Not specified Not specified 1 [45] Not specified Not specified Not specified In two studies [51, 52] the globe thermometer was reported to fulfil the requirements of ISO 7726 [6] 
